Abstract. Recombinant adeno-associated virus serotype 5 (rAAV5) is considered to be a promising gene transfer vehicle. However, preferential gene delivery to the tumor remains a requirement for cancer treatment. We generated rAAV5 mutants bearing tumor marker-binding peptides and analyzed their properties as viral vectors, as well as their transduction efficiencies and preferential antitumoral potencies. All of the mutants were successfully produced. Transduction analyses showed that rAAV5 mutants harboring tumor-homing peptides, including RGD and TnC, transduced human cancer cells expressing corresponding receptors on their surfaces. RGDS peptides and TnC antibodies significantly suppressed transduction by rAAV5-RGD and rAAV5-TnC. Cytotoxicity was evident upon transfer of HSV-TK to cells by re-targeted rAAV5. These results provide evidence that rAAV5 vectors, genetically armed with tumor-targeting ligands, preferentially infect human cancer cells harboring the corresponding receptors, thereby inducing antitumoral effects. Further optimization of rAAV5 mutant viruses should thus facilitate practical exploitation of these vectors for gene-based cancer treatment.
Introduction
Recombinant adeno-associated virus (rAAV), ehxibiting minimal toxicity and long-term gene expression, is a promising cancer gene therapy vector (1, 2) . In particular, various studies have validated the potential of rAAV-secreting therapeutic gene products as a gene transfer tool to treat metastatic cancers (3, 4) . Among these rAAV serotypes undergoing development as gene transfer tools, the rAAV2 vector has been analyzed most extensively, and is currently employed in clinical gene therapy (3, 5) . Recently, we and other groups demonstrated the potential of the rAAV5 serotype as an effective vector for antitumoral gene delivery (6, 7) . Other studies reported the lowest prevalence of AAV5-neutralizing antibodies and the highest prevalence of AAV2-neutralizing antibodies in the normal human population (8, 9) . These findings thus support the hypothesis that rAAV5 vectors are beneficial in targeting therapeutic genes to tumors without the barrier of humoral immunity in humans.
However, rAAV5-mediated cancer gene therapy has certain limitations in relation to systemic administration in vivo. One of the major drawbacks of rAAV5-mediated gene delivery is the broad tissue tropism of rAAV5, which is not exclusively limited to tumor tissue. Transgene expression via rAAV5 is observed in tissues including the liver and spleen, unless vectors are administered directly to the target tissue or organ (10, 11) . These data suggest that it is crucial to further improve the transduction properties of rAAV5 in order to facilitate the preferential delivery of transgenes to target tissues.
Consequently, the native tropism of rAAV5 was modified by genetically inserting various tumor-targeting peptide sequences into the capsid. The primary determinant of cell/ tissue tropism of rAAV is the binding specificity of the viral capsid to cellular receptors (12) . Tumor-targeting motifs significantly enhance viral binding affinity to cell surface proteins, including integrins, sialyl Lewis X (sLeX), and tenascin C (TnC), which are preferentially expressed in tumors (13) (14) (15) (16) . Since the initial attempt by Girod et al to deliver genes via mutated rAAV2 to cells resistant to rAAV2 infection (17) , a number of investigators have successfully achieved re-targeted gene delivery, both in vivo and in vitro, by modifying the rAAV2 capsid through insertional mutagenesis (18) (19) (20) . Currently, a limited number of studies focusing on re-targeted rAAV5 vectors are available. Thus, the aim of the present study was to identify the protruding loop regions capable of bearing tumortargeting motifs by modeling AAV5 capsid protein structures using a computational approach with the X-ray crystal Acquisition of selective antitumoral effects of recombinant adeno-associated virus by genetically inserting tumor-targeting peptides into capsid proteins structure of AAV2 (21) . Hypothetical atomic structures of insertion mutants at the expected loop region were constructed. Using this approach, various rAAV5 mutants with altered tropism were generated, which preferentially transduced tumors and subsequently induced antitumoral effects.
Materials and methods
Cell culture, virus preparation and transduction by rAAV vectors. 293T and human cancer cells (hepatocellular SK-Hep1; cervical HeLa; breast MDA-MB-231 and MDA-MD-435S; glioblastoma U-251, U87-MG, U118-MG and U-251; and colon HCT-116) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cancer cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, L-glutamine (2 mM), penicillin (100 IU/ml) and streptomycin (50 µg/ml). The CHO-Lec2 cell line purchased from ATCC was maintained in α-minimum essential medium supplemented with 10% fetal bovine serum, penicillin (100 IU/ml) and streptomycin (50 µg/ml). Table I shows the primers used to construct plasmids containing genes of mutant rAAV5 capsids. Using pSp72 plasmid containing the Rep gene of AAV2 and the Cap gene of AAV5 as an original backbone, final constructs were generated by a series of cloning steps and sequencing conformation. Self-complementary rAAV vectors were generated as described elsewhere (6) . Titration of rAAVs prepared using CsCl 2 gradient ultracentrifugation was performed using TaqMan-based Q-PCRs (iQTM Supermix, Bio-Rad, Hercules, CA, USA).
Cells were infected with various rAAVs, as previously described (6) . To maximize the transduction of rAAV vectors, adenovirus 5 was occasionally added. Transduction efficiencies (TEs) and means of fluorescence intensities (MFIs) were determined using a flow cytometer (FACSCalibur, Becton-Dickinson, San Jose, CA, USA) and the CellQuest Plus program.
Computer modeling of capsid protein and rAAV. Homology models of the capsid structures of rAAV5-sLeX1, rAAV5-sLeX2 and rAAV5-RGD1 with a RGD-4C insert were generated on the basis of the crystal structure of AAV2 capsid (PDB ID code: 1LP3) using the homology modeling program Modeller 9v2 (22) . The whole virion from a single capsid structure model was generated using the CNSsolve program v1.1 (23) . Structural figures were prepared using PyMol v0.98 (www.pymol.org).
Cell surface marker analysis. Cells were detected with primary antibodies for αVβ3b and αVβ5 conjugated with FITC (LM609 and P1F6 clones: Chemicon, Temecula, CA, USA). To measure α2,3-sialic acids on the cell surface, cells were stained with primary MAL II lectin conjugated with biotin (Vector Laboratories, Burlingame, CA, USA), followed by the addition of secondary streptavidin-FITC. The proportion of immune-stained cells and the MFI of cells was measured using a flow cytometer. , Roche, Basel, Switzerland) for 5 days. Relative cell viabilities were determined as described previously (24) .
RGD peptide and anti-tenascin C antibody competition assays.
Statistical analysis. Data were compared between groups using the Student's unpaired t-test, and values were considered significant at p<0.05.
Results

Successful generation of rAAV5 vectors bearing genetically modified capsids.
Alignment results with VP1 sequences of AAV2 and 5 previously obtained AAV2s (17, 25) indicate that peptides may be incorporated at positions 444 and 578 of rAAV5 VP1 (data not shown). Using eight different rep/cap plasmids encoding mutant rAAV5, capsid proteins bearing the eight peptide sequences (Table II) were generated. Analysis of the packaging ability of the rAAV5 mutants revealed that mutant virus production was generally as efficient as that of wild-type rAAV5. The buoyant densities of mutants within a narrow range of 1.370 to 1.385 g/ml of the CsCl 2 gradient were similar to that of the wild-type virus (1.394±0.007 g/ml). Moreover, transmission electron microscopy data confirmed that the mutant vectors maintained structural integrity (data not shown). These findings suggest the possibility of insertional modification of rAAV5 at positions 444 and 578 in VP1 without disrupting the general conformation. (Fig. 1B) .
Gene transfer by rAAV5-RGD1 in integrin-positive cells was significantly inhibited by the RGDS peptide in a concentration-dependent manner, but not by the non-specific RGES peptide (Fig. 1C) . As expected, the TE of the rAAV5 virus was not disrupted by either peptide. These results collectively indicate that rAAV5 bearing the RGD motif preferentially transduces human cancer cells expressing integrins, regardless of the presence of sialic acid, the native receptor of the wild-type virus.
rAAV5-TnC variants preferentially transduce TnC-expressing cells.
The TEs of rAAV5-TnC mutants measured in TnCpositive or -negative human cancer cells were dependent on TnC expression. rAAV5-TnC4 efficiently transduced TnC-positive U87-MG, but not TnC-negative HCT-116 ( Fig. 2A) . The antiTnC antibody specifically decreased the transduction level of rAAV5-TnC4 (Fig. 2B) . The TEs of rAAV5-TnC4 in U87-MG cells decreased to 13.9±10.1 and 40.9±12.0% at 1:50 and 1:20 antibody dilutions, respectively, compared to those of the mock-treated group. In contrast, TEs of rAAV5 were not altered in the presence of anti-TnC antibody. The data indicate that rAAV5-TnC specifically infects human cancer cells in a TnC-dependent manner. In conjunction with data from Fig. 2 , the results suggest that the newly inserted peptides into the 578 amino acid position of rAAV5 VP1 facilitate recognition of their corresponding surface receptors and enhance virus targeting.
Genetically re-targeted rAAV5s expressing sc39TK induces antitumoral effects. To assess the therapeutic effects of re-targeted rAAV5, we utilized the herpes simplex type thymidine kinase (HSV-sc39TK) gene/prodrug ganciclovir (GCV) system. sc39TK is a splicing-corrected version of sr39TK, a mutant HSV-TK with increased affinity for GCV or acyclovir (26, 27) . The sc39TK gene was delivered to U87-MG cells via rAAV5-RGD1, rAAV5-TnC4 and rAAV5 (Fig. 3) . 
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The sc39TK gene transfer induced selective cytotoxicity in the presence of GCV, while GFP did not. Thus, it appears that re-targeted antitumoral gene transfer by mutant rAAV5s induces cytotoxicity in transduced tumor cells. Moreover, the degree of antitumoral effects differs with various rAAV5 mutants, possibly due to differences in gene transfer efficacy.
The HDAC inhibitor enhances gene delivery efficacy of re-targeted rAAV5 vectors. To further enhance rAAV5-RGD1 or -TnC4-mediated gene expression in target cancer cells, various concentrations of the antitumoral HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA), were added prior to transduction with rAAV5-RGD1 and -TnC4. Enhanced GFP gene expression was observed with the two rAAV5 mutants in a dose-dependent manner following SAHA treatment (Fig. 4A) . Additionally, SAHA enhanced the intensity of GFP expression per cell, as noted in the MFI values (Fig. 4B) . In other words, a similar degree of gene expression may be achieved at 10 times lower the total particle concentrations if SAHA is introduced. Therefore, a combination of SAHA treatment and tumor-targeted rAAV5 vectors encoding antitumoral genes may significantly enhance therapeutic effects.
Discussion
For genetic re-targeting of rAAV against its natural tropism, rAAV5 has considerable potential as an attractive backbone due to favorable characteristics, such as cancer tropism, a low Figure 3 . Evaluation of cytotoxicity upon expression of sc39TK genes and GCV treatment. U87-MG cells were infected with rAAV5, rAAV5-RGD1, rAAV5-TnC4-expressing sc39TK, or rAAV5-GFP as a control. At one day after infection, the cells were incubated with GCV at the designated concentrations for another 5 days, and the relative cell viability was determined (n=3). The cells transduced with sc39TK induced cytotoxicity in the presence of GCV in a dose-dependent manner (○, rAAV5-GFP; •, rAAV5-sc39TK; ◼, rAAV5-RGD1-sc39TK; △, rAAV5-TnC4-sc39TK). 
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level of neutralizing antibodies in human populations, and superior virus production yield over other serotypes (6, 9, 28) . Limited information is available on rAA5 modification at present (29) , although several studies have focused on genetic modification of rAAV1 and 2 capsids (20, 30, 31) . In the present study, it was demonstrated that i) rAAV5 vectors may be genetically modified within the capsid region, particularly at VP1 positions 444 and 578, ii) mutants bearing insertion sequences within a certain size limit are efficiently produced with no loss of viral properties, iii) the insertion of tumor-binding motifs in the rAAV5 capsid protein suppresses the native tropism of the rAAV5 vector, and iv) tumor-targeted rAAV5 vectors are capable of selectively transducing human cancer cells, depending on their own target receptor properties. αV integrin, sLeX and TnC are often over-expressed on the surfaces of a wide variety of tumor cells (14) (15) (16) . Homing peptides of various sizes ranging from 7 to 20 amino acids were successfully inserted, which included sequences responding to tumor surface markers. Introduction of these peptides did not alter the physical or biological properties of viruses. The data suggest that rAAV5 tolerates up to 20 amino acids in terms of insertion size. Previously, Grifman et al performed an alignment of the AAV1-5 capsid sequences, and demonstrated that loops III and IV including Arg at positions 447 and 587 of rAAV2, respectively, could be freely modified to alter rAAV2 tropism without losing virus replication ability (18) . Consistent with earlier findings, the two loops containing amino acids 444 and 578 of rAAV5 were genetically altered with no effects on rAAV5 production ability.
rAAV5 mutants harboring peptide sequences with affinities for specific tumor markers facilitate recognition of the corresponding cell surface receptors, and not the native sialic acid receptor. Along with systemic mutation analyses (25) , the atomic structure of AAV2 strongly suggests that the primary receptor binding motif is located in the IV loop at position 587 near the 3-fold proximal peak. Another loop III, responsible for receptor recognition, resides on the distal floor of the peak. Walters et al suggested that three amino acids (I528, N546 and M547) located in the depression at the 2-fold axis are involved in the receptor binding of rAAV5 (32) . However, we observed significant decreases in TE through the introduction of homing peptides at positions 444 and 578. Thus, two regions near positions 444 and 578 located on the 3-fold proximal peak are potentially responsible for rAAV5 binding to α2,3-linked sialic acid on host cells. Further studies are required to elucidate the receptor binding phenotype of rAAV5.
Cytotoxicity of rAAV5-RGD1 and -TnC4-mediated sc39TK expression in conjunction with GCV treatment suggests that genetic modification of rAAV5 at the capsid provides a reasonable basis for transductional selectivity and specificity of these mutant viruses for cancer cells. However, our data show that the TEs of re-targeted rAAV5 vectors were not as high as expected, which limits their practical utility. To overcome this limitation, we further investigated the effectiveness of combination treatment with chemical compounds, including anti-cancer agents or protease inhibitors (33, 34) . Several HDAC inhibitors significantly enhance adenovirus-mediated and rAAV2-mediated transduction efficiencies (34) . SAHA, a HDAC inhibitor, was approved by the US Food and Drug Administration for treatment of cutaneous T-cell lymphoma in 2006 (35) . As expected, SAHA clearly improved re-targeted rAAV5-mediated gene transfer in a dose-dependent manner. HDAC inhibitors may enhance the utility of re-targeted rAAV5-mediated therapeutic antitumoral gene transduction strategies, promoting synergistic therapeutic effects.
The transduction potencies of genetically modified rAAV5s varied significantly in different mutants. The TE of rAAV5-RGD1 was the most superior, followed by rAAV5-TnC3 and -TnC4 (data not shown). In contrast, mutants harboring the sLeX-binding motif did not show any specific transducing ability in sLeX-positive cancer cells (data not shown). Discrepancies in the TEs of rAAV5 mutants may primarily be attributed to differences in binding affinity to their receptors. Trafficking steps, such as inefficient endocytic processes or premature virus degradation by proteasomes following virus entry, may be another reason for variations in the TEs of mutant viruses. Recent studies have shown that the mutation of a surface-exposed tyrosine of rAAV2, 8 and 9 enhances transduction, both in vivo and in vitro, through the evasion of tyrosine phosphorylation and prevention of proteasome-mediated degradation (36) . Accordingly, similar types of tyrosine mutations in rAAV5 may increase the TE by allowing mutant rAAV5 to escape from the ubiquitin-proteasome system. We are currently investigating this possibility by generating various mutations at the possible ubiquitin recognition sites.
